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Introduction
There is growing interest in porcine hepatocyte models for use in the investigation of swine metabolic processes [1] [2] [3] [4] , as well as, in human clinical applications for transplantation/artificial liver support [5] or toxicological analyses [6] . In all cases, whether fresh ଝ Mention of trade name, proprietary product or vendor does not constitute a guarantee or warranty of the product by the U.S. Department of Agriculture or imply its approval to the exclusion of other products or vendors that may also be suitable. or cultured cells are utilized, an understanding of gene expression at both the mRNA level and at the protein level will improve our understanding of regulatory processes and hepatic function. Indeed, a proteomic approach has been successfully used to assess the effects of physical manipulation and cell harvesting techniques on distribution and/or loss of proteins in rat hepatocytes [7] . In our laboratory, both short-term hepatocyte cultures on collagen [8, 9] and long-term (weeks to months) cultures of adult hepatocytes (unpublished) and hepatic stem cells [10] are routinely employed and protein expression profiles during these culture periods are critical to interpret hormonal effects on differentiated cell function. Thus, our aim was to prepare a comprehensive database of the expressed proteins present in freshly prepared hepatocytes to understand potential changes due to culture. Our initial approach is presented here, where basic membrane and cytosol fractions were prepared and proteins were separated by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and followed by identification with mass spectrometry to catalog the major proteins present in isolated hepatocytes. Our goal was to separate analytical quantities of proteins to yield single discrete protein spots for future comparisons using quantitative 2D-PAGE techniques. Using this approach we have successfully identified over 600 proteins. In addition, by using the apparent molecular weight of separated proteins, a more accurate interpretation of MS spectra and a high level of confidence in assigning protein identifications can be achieved, compared to non-gel based techniques.
Materials and methods

Reagents
Chemicals for electrophoresis including acrylamide, bis-acrylamide, N,N,N ,N -tetra-methyl-ethylenediamine (TEMED), ammonium persulfate, agarose, (3-[3-cholamidopropyl)dimethylammonio]-1propanesulfonate (CHAPS), Triton-X 100, ampholytes (Bio-Lytes, pH 3-10), Bromophenol blue (BPB), iodoacetamide, and sodium dodecyl sulfate (SDS) were purchased from Bio-Rad (Hercules, CA). Trizma-Base (Tris), ethylenediaminetetraacetic acid (EDTA), diethyldithicarbamate (DEDTC), dithiothreitol (DTT), octyl glucoside, glycerol, glycine, ammonium sulfate, Coomassie blue G-250, thiourea, and trichloroacetic acid (TCA) were purchased from Sigma (St. Louis, MO). Urea was from Pierce (Sequanal grade, Rockford IL). Chemicals used during sample prep for MS analysis including acetonitrile (ACN) and ammonium bicarbonate were from Sigma. Methanol, chloroform and acetic acid were from Fisher (Suwanee, GA), and trifluoroacetic acid (TFA) was from J.T. Baker (Phillipsburg, NJ). All other chemicals were reagent or HPLC grade.
Hepatocyte preparation
Care and treatment of all pigs in this study were approved by the Institutional Animal Care and Use Committee of the U.S. Department of Agriculture. Crossbred barrows (Landrace × York × Poland China, n = 3, 52 ± 10 kg) were fully fed a corn-soy diet prior to stunning by electric shock and exsanguination. Livers were immediately excised and the left lateral lobe was removed. Hepatocytes were isolated by a two-step collagenase digestion procedure essentially as previously described [9, 11] , where only a small portion (approximately 80 g) of the lateral lobe was used. Viability of hepatocytes isolated by low speed centrifugation was 89 ± 2.5% by Trypan blue dye exclusion and aliquots were frozen at −80 • C until used. Cytosol and membrane fractions were prepared by centrifugation and differential solubilization in octylglucoside as described by Ruiz-Cortés et al. [12] . Purified hepatocytes from the three pigs were thawed on ice, pooled, homogenized by brief exposure to ultrasound in buffer [2 mM octylglucoside, 1 mM DEDTC, 10 mM EDTA in 50 mM Tris, pH 8] and centrifuged at 30,000 g for 60 min at 4 • C. The supernatant (cytosol) was harvested and the particulate fraction was solubilized by ultrasound in 20 mM Tris containing 50 mM EDTA, 0.1 mM DEDTC and 32 mM octylglucoside, and centrifuged at 16,000 g for 15 min at 4 • C. The insoluble pellet was discarded and the supernatant was aspirated and considered to be the membrane fraction. All buffers contained standard mammalian protease inhibitor cocktail (1 l/ml, P-8340, Sigma). Cytosol and membrane fractions were precipitated by addition of 8-10 volumes of cold chloroform:methanol (4:1), vortexed, sonicated and incubated on ice for 10 min. The solution was centrifuged at 3000 g for 10 min at 4 • C. Supernatant solution was discarded and methanol (5 ml) was added to the pellet which was sonicated and centrifuged as before. The final pellet was vacuum dried to remove residual methanol and resuspended in re-hydration buffer (RHB): 8M urea, 1 M thiourea, 50 mM DTT, 4% CHAPS, 0.5% Bio-Lytes (pH 3-10), and 0.001% BPB, using mechanical disruption and sonication. Insoluble material was removed by centrifugation at 15,000 g for 2 min at room temperature and cell material was stored at −80 • C. Concentration of protein for all samples was determined by the method of Lowry following precipitation in 7% TCA and 0.07% Triton-X 100 [13] . BSA was used as a standard and RHB buffer was used as background.
Two-dimensional polyacrylamide gel electrophoresis
The first dimension isoelectric focusing (IEF) was performed using 11 cm immobilized pH gradient (IPG) gel strips (pH 3-6, 5-8 or 7-10, Bio-Rad) in the IPGphor II system (GE Healthcare, Piscataway, NJ). In-gel re-hydration of pH 5-8 IPG strips was performed in the presence of 200 g protein in a total volume 200 l RHB; additional RHB was prepared fresh as needed to dilute the protein sample. The strips were passively re-hydrated for 1 h at 20 • C, followed by active rehydration at 50 V for 12-15 h and settings for protein focusing were: 500 V for 1 h, then elevated to 8000 V maximum to a total of 46 kVh. The focused strips were rinsed in dH 2 0 and stored at −80 • C. For the pH 3-6 and 7-10 strips, overnight passive re-hydration was performed with 200 l RHB alone. Protein (400-500 g in 400 l RHB) was loaded at the anodic electrode via a paper bridge using the IPGphor II manifold system (GE Healthcare), according to the manufacturer's instructions. In addition to the dH 2 0 wick, 300 l of RHB containing 3.5% DDT was loaded onto a pad which was placed upon the cathode end of each pH 7-10 IPG strip as suggested by Hoving et al. [14] . Isoelectric focusing was performed by ramping the voltage to a maximum of 6000 V and terminated at 20,000 Vh. Focused strips were rinsed in dH 2 0 and stored at −80 • C.
For the second dimension electrophoresis, the IPG gel strips were incubated with equilibration buffer (0.4M Tris-HCl pH 8.8, 6 M urea, 20% glycerol, 2% SDS, 1% DTT, 0.001% BPB) for 5 min; it was removed and fresh buffer was added for an additional 15 min. Strips were then incubated in the same equilibration buffer, without DTT, but containing 2.5% iodoacetamide for an additional 15 min. Finally, excess iodoacetamide was removed by soaking strips (5 min) in buffer containing equilibration buffer with 1% DTT. Each strip was rinsed in dH 2 0 and subsequently placed onto a 12% polyacrylamide gel (16 cm × 20 cm) and run with a Tris-glycine buffer system as described by Laemmli [15] . Strips were overlayed with 2.5% low melting agarose sealing solution (0.375 M Tris base, 0.1% SDS, 0.01 M DTT and 0.001% BPB, pH 8.9). Electrophoresis was performed, using the PROTEAN II xi system (Bio-Rad) at 25 • C with 2× buffer solution [16] in the top chamber (0.38 M glycine, 0.5M Tris, 0.2% SDS, pH 8.3) and a 1× buffer solution in the bottom chamber running at 35 mA/gel for approximately 1000 Vh. Proteins were visualized by staining gels with colloidal Coomassie blue [17] . Briefly, gels were fixed overnight in 50% ethanol and 3% phosphoric acid, followed by 3 washes with dH 2 O. Gels were pre-stained for 1 h in 34% methanol, 17% ammonium sulfate and 3% phosphoric acid and finally stained in the same solution containing Coomassie blue G-250 (0.066%) for 3 days. The gels were rinsed and stored in a 10% ammonium sulfate solution and scanned using laser densitometry (PDSI, GE Healthcare). Two-to-four gels were run for each condition (pH range and fraction) and spots were picked from a representative gel.
In-gel digestion of proteins
Protein spots were excised from the stained gel and stored in dH 2 0 at −80 • C. Thawed gel plugs were first de-stained with a standard gel de-staining solution (dH 2 0:methanol:acetic acid [4.5:4.5:1]), rinsed in dH 2 0 (5 min) and finally de-stained in 50% ACN containing 25 mM ammonium bicarbonate (3 min × 15 min). The gel plugs were dehydrated with 100% ACN (5 min), dried under vacuum, and then re-swollen with 10 or 20 l of 10 g/ml trypsin (modified porcine trypsin, sequencing grade, Promega, Madison, WI) in 25 mM ammonium bicarbonate, pH 8.0. An additional 30 l 25 mM ammonium bicarbonate buffer was added to cover the gel plugs. Digestion was performed overnight at 37 • C. The resulting tryptic fragments were extracted with 5% TFA in 50% ACN with sonication for 60 min, twice. The extracts were dried to completeness by vacuum centrifugation and then dissolved in 50% ACN and 0.1% TFA.
Protein identification
Mass spectrometry
A matrix-assisted laser desorption/ionizationtime of flight mass spectrometer (Voyager DE-STR MALDI-TOF-MS, Applied Biosystems, Framingham, MA) operated in positive ion reflector mode was used to analyze tryptic peptides by peptide mass fingerprinting (PMF). Samples (0.5 l) were co-crystallized with freshly prepared a-cyanohydroxycinnamic acid (re-crystalized from Sigma #C-2020) matrix in 50% ACN and 0.1% TFA (0.5 l) directly onto a target plate. Spotted samples were further desalted by addition of 0.1% TFA (3 l) which was immediately removed by vacuum. Spectra were acquired with 75 shots of a 337 nm Nitrogen Laser operating at 20 Hz and were calibrated using the porcine trypsin autolysis peaks at m/z 842.51 and 2,211.10 as internal standards. Samples which were not initially identified by PMF were vacuum-dried, re-suspended in 20 l 5% ACN, 0.1% formic acid and subjected to MS/MS analysis (Thermo Finnigan LCQ DecaXP plus ion trap mass spectrometer, San Jose, CA). Peptides were separated by reverse phase chromatography using a 30 min 5-60% ACN gradient in 0.1% TFA. The instrument was operated with a duty cycle that acquired MS/MS spectra on the three most abundant ions following a survey scan from 400 to 1600 kDa. Dynamic exclusion was employed to prevent the continuous analysis of the same ions. Once two MS/MS spectra had been acquired from any given ion, the parent mass was placed on an exclusion list for the duration of 1.5 min. The raw data were processed by Sequest to generate DTA files for database searching. The merge.pl script from Matrix Science was used to convert Sequest DTA files into a single generic file for searching in Mascot.
Data analysis
Protein identification by PMF was performed by searching the National Center for Biotechnology Information non-redundant (NCBInr) and SwissProt primary databases using the Mascot search engine (http://www.matrixscience.com), which uses a probability based scoring system [18] . The following parameters were used for database searches: monoisotopic mass, 25 ppm mass accuracy, trypsin as digesting enzyme with 1 missed cleavage allowed and carbamidomethylation of cysteine, oxidation of methionine, N-terminal pyroglutamic acid from glutamic acid or glutamine as allowable variable modifications; taxonomy was limited to Mammalia. To qualify the MALDI-TOF-MS data as a positive identification, a protein's score (MOWSE) was equal to or exceeded the minimum significant score (70 and 60 for NCBInr and SwissProt, respectively). For LC MS/MS analyses, if the primary databases did not yield a positive identification, "EST others" was queried and Fig. 1 . Colloidal Coomassie stained 2D-PAGE of porcine hepatocyte cytosol proteins. Proteins were separated in the first dimension on a pH 5-8, 11 cm IPG strip. The numbered spots were prepared for MS analysis and the combined data are presented in Table 1 as gel # 1. significant sequence matches to swine ESTs were further Blasted to the primary databases. Positive identification of proteins by MS/MS analysis required a minimum of two unique peptides, both with significant ion scores and with an apparent molecular weight within approximately 10 kDa of the expected mass of each protein.
Results and discussion
Preliminary 2D-PAGE separation of porcine liver proteins using full-length (pH 3-10) IPG strips revealed that the vast majority of proteins were observed between pH 5 and 9 (data not shown) and using multiple narrow range IPG strips (pH 3-6, 5-8 and 7-10), the present study has confirmed those observations. Similar findings in the pI range of most observable proteins by 2D-PAGE have been reported for rat liver [19] . Because separation of proteins in the alkaline range is notoriously poor due to DTT migration we have employed paper-bridge loading with additional DTT at the cathodic electrode to improve separation of proteins in the pH 7-10 range Fig. 2 . Colloidal Coomassie stained 2D-PAGE of porcine hepatocyte membrane proteins. Proteins were separated in the first dimension on a pH 5-8, 11 cm IPG strip. The numbered spots were prepared for MS analysis and the combined data are presented in Table 1 as gel # 2. Table 1 as gel # 3. [14] . In our hands, standard in-gel re-hydration protein loading yielded poor separation for many proteins and this modification was absolutely necessary to yield consistent separation in the alkaline pH range.
Representative annotated gels are shown in Figs. 1-6 (viz., gel 1, pH 5-8 cytosol; gel 2, pH 5-8 membranes; gel 3, pH 7-10 cytosol; gel 4, pH 7-10 membranes; gel 5, pH 3-6 cytosol and gel 6, pH 3-6 membranes). A total of 728 spots were picked and analyzed by mass spectrometry and 648 protein assignments were made. The detailed identification of each individual protein spot from these gels is included as supplemental data (Supplement 1), while summation of all unique proteins and their location on each gel map are provided in Table 1 . As listed, 282 unique proteins were identified and represent the products of 280 unique genes. The noted exceptions were 17-beta estradiol dehydrogenase where both the 80 and 32 kDa active isoforms [20] were detected in gel 4, and multiple N-terminal and a C-terminal domains of carbamoyl phosphate synthetase were observed in both the membrane and cytosolic gels. The full-length 164 kDa Fig. 4 . Colloidal Coomassie stained 2D-PAGE of porcine hepatocyte membrane proteins. Proteins were separated in the first dimension on a pH 7-10, 11 cm IPG strip. The numbered spots were prepared for MS analysis and the combined data are presented in Table 1 as gel # 4.
protein was not observed and in all cases peptides encompassing either the C-terminal or N-terminal domains, but not both, were noted. These lower 60-80 kDa molecular weight isoforms of carbamoyl phosphate synthetase have been recognized in baboon liver and are apparently up-regulated during inflammation [21] . Additional multiple isoforms (or spots) of various proteins appearing in either fraction and across gels are a combination of posttranslational modifications, other potential proteolytic products (precursor vs. mature), and may also be the result of the crude membrane-cytosol preparation with frozen cells.
By utilizing MALDI-TOF-MS (PMF) as an initial screening tool, 349 or 53.9% of the 648 proteins were positively identified. Of those, only 167 (47.9%) were assignments based on Sus scrofa identities which indicates that as more sequences and annotations from pig are available in public domain databases, higher percentages of identifications by PMF could be expected. Only those spots which could not be positively identified by PMF were prepared for ESI-MS/MS analysis. Of the potential 379 spots which were not identified Table 1 Summary of 282 unique protein assignments of porcine hepatocyte cytosol and membrane fractions in six different gels: gel 1, cytosol pH 5-8; gel 2, membranes pH 5-8; gel 3, cytosol pH 7-10, gel 4, membranes pH 7-10; gel 5, cytosol pH 3-6 and gel 6, membranes pH [3] [4] [5] [6] Gel and spot number Protein identification Representative accession no. Table 1 and Sup- Fig. 6 . Colloidal Coomassie stained 2D-PAGE of porcine hepatocyte membrane proteins. Proteins were separated in the first dimension on a pH 3-6, 11 cm IPG strip. The numbered spots were prepared for MS analysis and the combined data are presented in Table 1 as gel # 6. plement 1). Despite the distinct paucity of available annotated pig sequence data, our observation of 282 unique proteins compares favorably to a similar study where 273 proteins were identified for rat liver where multiple narrow and broad-range 2D-PAGE were performed with very high amounts of cytosol and total protein [19] . In addition, the multiple pH range approach to mapping mammalian tissue proteome appears well suited by comparison to a single large gel format broadrange analysis where 111 proteins were identified from 1000 candidate spots of a human pituitary adenoma [22] or 212 proteins from human kidney glomerulus [23] using similar PMF and MS/MS identification techniques.
In the present study, we have utilized analytical quantities of protein to ensure good separation for future comparative purposes and to provide a detailed 2D map such that the vast majority of protein spots were composed of single proteins. Of the 349 proteins identified by PMF 98.3% were single protein spots and 6 spots were determined to contain two different proteins. With the proteins identified by MS/MS, 90.2% were single pro-tein identifications. Most of the 29 multiple spots were identified with two proteins (23), while 1 spot (gel 1, spot 238) contained 6 unique proteins and another spot (gel 1, spot 239) contained 5 proteins. Of the unique proteins that were identified 130 were limited to the cytosol gels (1, 3 and 5) and were represented by prototypical cytoplasmic proteins such as beta actin, esterase-D, ferritin and lactate dehydrogenase. Eighty-four proteins were observed only in the membrane gels (2, 4 and 6) and these were represented primarily by mitochondrial and peroxisomal proteins including aconitase, succinate dehydrogenase, beta hydroxybutyrate dehydrogenase, ketoacyl thiolase, hydroxyacid oxidase, acylcoenzyme A synthetase. Transferrin (a soluble, secreted protein) was observed in the membrane fraction and probably reflects its association with the lysosome/endosome compartment. The remaining proteins (68) were distributed among all gels and probably represent incomplete initial fractionation and the use of frozen cells as starting material. In addition many gene products may indeed be present in multiple locations within the cell.
Proteins observed were widely distributed among the known functional categories associated with liver metabolism (Fig. 7) . Protein metabolic pathways including synthesis, degradation, folding and post-translational modification accounted for the highest percentage of observed proteins (20.2%), followed by lipid metabolism including fatty acid synthesis and oxidation and cholesterol, steroid and bile acid metabolism (18.8%). Cellular energetics, including electron transport, glycolysis, gluconeogeneis, carbohydrate metabolism, and TCA cycle were associated with 14.9% of identified proteins, while amino acid metabolism represented 13.8% and detoxification activities including antioxidant proteins represented 9.2%. As expected, there was a distinct lack of microsomal proteins such as the drug/steroid metabolizing major cytochrome P-450 proteins, in both the membrane and cytosol fractions [24] . Accordingly, proteomic analysis of prepared porcine hepatocyte microsomes, for the specific identification of cytochrome P450 content and activity are currently under investigation in our laboratory.
In conclusion, we have presented the first comprehensive proteomic analysis of porcine hepatic cells (by 2D-PAGE/MS analysis) and in particular, these are the only data that have been assembled identifying major proteins in freshly isolated pig hepatocytes. While porcine hepatic tissue has been previously separated by 2D-PAGE [25, 26] to date, only limited protein identification or analyses have been reported. The data presented here will serve as a basis to compare more-refined subcellular fractionation techniques and will allow future comparison of changes associated with cell culture or in vivo endocrine and nutritional interactions. 
